We present a new method to diagnose the middle atmosphere climate sensitivity by extending the Climate Feedback-Response Analysis Method (CFRAM) for the coupled atmosphere-surface system to the middle atmosphere. The Middle atmosphere CFRAM (MCFRAM) is built on the atmospheric energy equation per unit mass with radiative heating and cooling rates as its major thermal energy sources. MCFRAM preserves the CFRAM unique feature of an additive property for which the sum of all partial temperature changes due to variations in external forcing and feedback processes equals the observed temperature change. In addition, MCFRAM establishes a physical relationship of radiative damping between the energy perturbations associated with various feedback processes and temperature perturbations associated with thermal responses. MCFRAM is applied to both measurements and model output fields to diagnose the middle atmosphere climate sensitivity. It is found that the largest component of the middle atmosphere temperature response to the 11-year solar cycle (solar maximum vs. solar minimum) is directly from the partial temperature change due to the variation of the input solar flux. Increasing CO2 always cools the middle atmosphere with time whereas partial temperature change due to O3 variation could be either positive or negative. The partial temperature changes due to different feedbacks show distinctly different spatial patterns. The thermally driven globally averaged partial temperature change due to all radiative processes is approximately equal to the observed temperature change, ranging from −0.5 K near 25 km to −1.0 K near 70 km from the near solar maximum to the solar minimum. 
Introduction

55
The warming of Earth's surface and lower atmosphere is associated with enhanced 56 middle atmosphere cooling and a strengthening of the Brewer-Dobson circulation through 57 radiative, dynamical, and photochemical coupling. Because both the air density and the optical 58 depths of major radiatively active species decrease with altitude, the physical state of the middle 59 atmosphere as represented by various parameters such as temperature and winds is quite total temperature change into partial temperature changes due to individual external forcing and 68 feedback processes (LC09, CL09). The unique feature of CFRAM is that this decomposition into 69 partial temperature changes is locally additive, so that the total temperature change is the sum of 70 all the partial temperature changes at every spatial point. From the modeling perspective, the so-71 called external forcing and its variation of a system are akin to independent variables or 72 parameters that would be prescribed as input values in a model. On the other hand, the feedback 73 or internal processes of a system are similar to dependent variables or parameters that often 74 constitute a set of model output values. 75 In this paper, CFRAM is extended to the middle atmosphere based on three physical 76 features of this region: (i) radiative energy exchange plays a major role in the energy budget; (ii) 77 the air density varies with altitude by several orders of magnitude and the energy deposition per 78 unit mass is often scaled by a factor that slowly varies with altitude or log-pressure; and (iii) the In the middle atmosphere, the effect of line overlap is negligible for the infrared radiative 171 cooling rate calculations. As a result, the total infrared cooling rate can be evaluated as the sum 172 of the cooling rates due to CO 2 , O 3 and H 2 O (Zhu 1994 
Eigenmodes of the generalized damping matrix and illustration of MCFRAM
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In Eq. (5) or (9), there is a common matrix factor that linearly multiplies all the radiative 288 and non-radiative energy perturbation terms. As a result, both the magnitude and vertical 289 structure of the climate feedbacks are significantly influenced by the generalized damping matrix
290
A defined in Eq. (5) or the generalized relaxation matrix Z defined in Eq. (9). Table 1 
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where N is the total number of vertical layers. Equation (15) at the equatorial stratopause (Fig. 6a) , where the peak temperature as shown in Fig. 5a produces It is worth pointing out that the results shown in Fig. 7 Here, the two partial temperature changes due to radiation errors are calculated based on 
595
In Fig. 9 , we show all the partial temperature change components in Table 1 in the middle   596 atmosphere below 70 km that can be directly calculated based on GEOSCCM output fields and 597 the offline JHU/APL radiation algorithm. Panels (a)-(j) correspond to the first 10 rows in Table 1 Table 1 , respectively. 609 We first note that the overall patterns and magnitudes of the partial temperature changes heating from the stratopause (Zhu et al. 1992 ). An increase in CO 2 concentration increases the 619 atmospheric opacity that leads to a reduction in summer mesopause net heating rate. T by 638 nearly one order of magnitude and changes are largely confined in the stratosphere (Fig. 9e) . if we sum up all the terms in Table 1 that can be directly calculated,
(1 change. This is also consistent with our previous analysis to SABER measurements where Fig.   704 5c and Fig. 6d show large similarities in their overall magnitude and spatial structure.
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In Fig. 10 , we show the globally averaged partial temperature changes presented in 
